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The mutual effects of initial particle size and addition of  





The purpose of this chapter is to describe the effect of particle size on the matrix 
strength in tablets compressed from pure sodium chloride and from blends containing 
starch as minor component. It has been shown in the previous chapter that the removal 
of the starch particles by a heat treatment made it possible to measure the percolation 
thresholds and strengths of the sodium chloride matrices in the tablet structure. The 
percolation threshold of sodium chloride is directly related to its mean particle size, 
whereas the percolation threshold of starch hardly changes at low starch volume 
fractions. Starch particles cause an increase in median pore diameter in tablets 
compressed from blends. Alterations in tensile strength of the tablets compressed from 
blends are related to the median pore diameter. A unique relation has been found 
between the median pore diameter and the tensile strength of the tablets prepared from 
mixtures. This relation is independent of the sodium chloride mean particle size and 
sodium chloride volume fraction. A similar relation exists for tablets compressed from 
only sodium chloride particles, but higher tensile strengths were observed. The 
deviation between both relations is explained by a difference in pore shape as defined 
in Ch. 4. The pore shapes in the tablets compressed from blends are flattened in 
contrast to the more spherical pores in the pure sodium chloride tablets. 
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It is widely accepted that the strength of compacts like tablets, is the result of bonding 
between particles. This is, for example, expressed by Rumpf’s classical equation that 
correlates the strength of a body with its porosity, the size of the building blocks and 
the attractive force between the particles (1). However, from fracture mechanics it is 
also known that pores and other discontinuities also affect the mechanical properties 
of bodies (2, 3, 4). For compacts of single materials it was found that the presence of 
pores with a certain size and shape affects the strength of compacts as much as the 
interparticle bonding does (5). 
This paper expands on the results given in Ch. 4, which discusses the negative 
effect of the addition of small amounts of a second compound (starch) on the strength 
of the matrix of a major compound (sodium chloride). It shows that the addition of the 
minor compound with a lower Young’s modulus causes formation of pore structures 
with anisomorphous shapes, i.e. the pores are flat and have sharp edges. The resulting 
pore shape explains why the porosity effect in tablets prepared from blends is different 
from that of tablets compressed from single materials. Clearly, it is not only the 
reduction in interparticle bonding that induces the reduction in strength of tablets 
made from (formulated) powder blends, which will be further described in Ch. 6, but 
there is also another pore related parameter influencing matrix strength.  
The discussion so far does not consider the effect of a change in particle size 
distribution (of one of the components) on matrix structure and resulting tablet 
strength, while this can be of great relevance for formulation practice. A study 
performed by Caraballo et al. (6) already showed that materials with a larger particle 
size need a higher concentration in the powder blend to percolate the tablet structure. 
Although the influences of particle size on percolation threshold are generally 
understood, the changes in percolation thresholds by interactions between the different 
materials in a powder blend are currently unknown. This chapter aims to relate the 
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5.2 Materials and Methods 
 
5.2.1  Materials and mixtures 
 
The materials used were sodium chloride (glidant-free material, Akzo Nobel, Hengelo, 
The Netherlands) and pregelatinised potato starch (Paselli WA4, Avebe, Foxhol, The 
Netherlands). Prior to sieving, the sodium chloride powder was milled (Moulinex, 
Birmingham, UK). The sodium chloride and pregelatinised starch powders were 
sieved with an Alpine Air Jet Sieve (Alpine, Augsburg, Germany) equipped with USA 
Standard testing sieves (W.B. Tyler Inc., Mentor, OH, USA) in order to obtain the 
desired particle size fractions. The sieve fractions of sodium chloride used were 0-38 
µm, 53-106 µm and 106-212 µm. The 106-212 µm particle size fraction of starch has 
been used. After sieving, the powders were stored at 20 °C and 60% RH for at least 4 
days. 
The volume-based mean particle sizes of the particle size distributions were 
obtained by laser diffraction (Sympatec, Helos KA/LA, Clausthal-Zellerfeld, 
Germany). Table 5.1 lists the mean particle sizes of the powders used in this paper. 
The true densities of the powders were measured at a temperature of 20°C by helium 
pycnometry (Quantachrome, Syosset, NY, USA). The true densities of sodium 
chloride and pregelatinised starch were 2239 kg⋅m-3 and 1486 kg⋅m-3, respectively. 
The binary mixtures were mixed in a Turbula mixer (Model 2P, W.A. Bachofen, 
Basle, Switzerland) at 90 rpm for a period of 15 min.  
 
Table 5.1: Powder characteristics of sodium chloride and pregelatinised starch. 
 








Sodium chloride 0-38 14 0.35 0.68 
 53-106 83 0.51 0.76 
 106-212 170 0.60 0.76 
Starch 106-212 175   
1
 Percolation thresholds are given as a function of the sodium chloride volume fraction of 
tablets containing a porosity of 0.15. 
 
5.2.2  Tablets 
 
Tablets (flat-faced, 500 mg, diameter 13 mm) were compacted on a compaction 
simulator (ESH, Brierley Hill, UK) at a temperature of 20°C and a relative humidity of 
60%. Before each compaction cycle, the die and punches were lubricated with 
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magnesium stearate using a brush. The upper punch displacements were sine waves 
with different amplitudes in order to reach the applied compaction pressures. The 
average upper punch speed was 3 mm⋅s-1. The lower punch was stationary during 
compaction, and the ejection time was always 10 s. The relaxation period after 
compaction was at least 14 hours in a controlled climate chamber (Heraeus, Hanau, 
Germany) at 20°C and 60% RH. The final dimensions of the tablets were measured 
with an electronic micrometer (Mitutoyo, Tokyo, Japan) and weighed with an 
analytical balance (Mettler-Toledo, Greifensee, Switzerland). Tablet strength was 
measured with a Schleuniger 6D strength tester (Dr. Schleuniger Productronic, 
Soloturn, Switzerland). The tensile strength of tablets was calculated according to Fell 
and Newton (7). The tensile strengths and the porosities of the tablets compressed 
from the individual materials and each binary mixture were related to each other and 
fitted by the Ryskewitch-Duckworth equation (8, 9) using data of at least 40 tablets 
with different porosities. Using this fit, the tensile strength at a porosity of 15% was 
calculated for tablets compressed from the single materials containing the different 
particle size fractions and the different blends. 
 
5.2.3  Heat treatment 
 
To examine the structure and strength of matrices formed by sodium chloride inside 
the tablet structures made from blends, five tablets of each mixture with a porosity of 
15% (± 0.5%) were put in a muffle furnace (Naber Industrieofenbau, Bremen, 
Germany). Details of the heat treatment are described in Ch. 3. It was possible to 
remove at least 85% of the total amount of starch present in the tablets. Dimensions, 
weights and crushing strengths of the tablets after the burning experiment were 
determined as described in sec. 5.2.2. 
 
5.2.4  Pore size distributions  
 
The pore size distributions of tablets compressed from the single materials and the 
binary mixtures were measured by mercury intrusion porosimetry (Micromeritics, 
Model Autopore 9220, Norcross, GA, USA). Three tablets with a porosity of 15% (± 
0.5%) were used for the measurement of the pore size distribution of each blend. 
Details of the mercury intrusion porosimetry measurements are described in Ch. 3. 
The surface tension of mercury used in the calculations was 480 mN⋅m-1 and the 
contact angle of mercury with sodium chloride and starch was assumed to be 140° in 
all situations. 
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5.3 Results and Discussion 
 
5.3.1 Starch affecting sodium chloride matrix strength 
 
Fig. 5.1 gives the tensile strength-porosity relations of tablets compressed from 
sodium chloride with different particle sizes. The figure shows that all strength-
porosity profiles have similar shapes, but the profiles are numerically different. This is 























Fig. 5.1. Tensile strength as a function of the porosity of tablets compressed from sodium 
chloride with particle sizes between () 0-38 µm, () 53-106 µm and () 106-212 µm, 
respectively. 
 
Ch. 4 already has shown that the addition of a small amount of pregelatinised starch to 
sodium chloride powder decreases the tensile strengths of tablets compressed from 
mixtures and reduces the strength of the sodium chloride matrix too. In order to test 
the strengths of sodium chloride matrices consisting of different particle sizes in 
tablets compressed from blends, tablets were prepared with a constant air fraction 
(porosity) of 0.15. Fig. 5.2a-5.2c show the tensile strengths of these tablets as a 
function of the sodium chloride volume fraction before and after the removal of the 
starch particles by a heat treatment. Up to a certain sodium chloride volume fraction, 
the tensile strengths of the heat-treated tablets are comparable to the initial tensile 
strengths of the tablets compressed from the blends. According to Ch. 4, these tablet 
structures consist of sodium chloride matrices combined with clusters of starch 
particles. The sodium chloride matrices completely determine the tensile strength of 
tablets compressed from mixtures when the starch particles exist as clusters. 








































































Fig. 5.2. Tensile strength of tablets with an initial air fraction of 0.15 before (open symbols) 
and after heat treatment (closed symbols). Tablets are compressed from binary mixtures of 
pregelatinised starch (106-212 µm) and sodium chloride with particle size distribution of: 
(a) 0-38µm (), (b) 53-106 µm () and (c) 106-212 µm (). 
Error bars are the 95% confidence intervals of the tensile strength after the heat treatment. 
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At sodium chloride volume fractions lower than the sodium chloride volume 
fractions of about 0.68 (0-38 µm sodium chloride) or 0.76 (53-106 µm sodium 
chloride and 106-212 µm sodium chloride), the heat-treated tablets have lower tensile 
strengths than the non-treated tablets. These sodium chloride volume fractions reflect 
the percolation thresholds of the starch matrix and are listed in table 5.1. Heat-treated 
tablets containing sodium chloride volume fractions lower than approximately 0.35 (0-
38 µm sodium chloride), 0.51 (53-106 µm sodium chloride) or 0.60 (106-212 µm 
sodium chloride) partly disintegrated during the heat treatment and it was impossible 
to measure any tablet strength. Apparently, the sodium chloride particles exist as 
clusters instead of a continuous network inside these tablet structures. These sodium 
chloride volume fractions reflect the percolation thresholds of sodium chloride 
consisting of the different particle size fractions (Table 5.1). 
As different particle sizes of sodium chloride are combined with starch with a 
constant mean particle size, the arrangement of the particles in the tablet structure 
changes. The percolation thresholds of sodium chloride and starch are represented in 
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Fig. 5.3. Percolation threshold of () the sodium chloride matrix and () the pregelatinised 
starch matrix, respectively, as a function of the sodium chloride mean particle size in mixture 
tablets with an air fraction of 0.15. 
 
Fig. 5.3 shows that the percolation thresholds of the sodium chloride matrices are 
found at lower sodium chloride volume fractions when the particle size decreases. The 
percolation threshold of sodium chloride in tablets compressed from the blends is 
proportional to its particle size. On the one hand, smaller particle sizes enable sodium 
chloride to establish a matrix at lower volume fractions. On the other hand, the 
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percolation thresholds of starch hardly change with sodium chloride mean particle size 
variations. The percolation threshold of starch remains unchanged, as a constant 
particle size distribution of starch has been used for all different blends. Apparently, 
there is only a limited effect of the sodium chloride particle size on the percolation 
threshold of starch. It is remarkable that the starch particles already form a matrix at 
low starch fractions, even when the initial particle size of sodium chloride is much 
smaller than that of starch. Due to the difference in yield pressure between sodium 
chloride and starch, the starch particles are highly deformed between the rigid sodium 
chloride particles during compaction (Ch. 3). Therefore, the starch particles will 
already establish a percolating network throughout the structure at low starch 
fractions. 
In contrast, the tensile strength of tablets compressed from blends is clearly 
influenced by the mean particle size of sodium chloride (Fig. 5.2a-5.2c). The tablets 
containing small sodium chloride particles have higher tensile strengths and a lower 
reduction in tensile strength than tablets containing large sodium chloride particles. To 
describe the negative influences of starch on the sodium chloride matrix strengths, 
changes in matrix structures are further characterised. 
 
5.3.2  Effect of pore size on matrix strength 
 
Tablets compressed from sodium chloride not only consist of particles with different 
particle sizes, but also of pores between the sodium chloride particles. Since pores 
have the ability to concentrate stress, they influence the tensile strength of a porous 
compact. In general, pores with the largest diameters perpendicular to the applied 
stress cause the failure of a porous compact (3, 4). Furthermore, Ch. 4 states that the 
median pore size adequately describes the degree of strength reduction of sodium 
chloride compacts. Fig. 5.4a shows the median pore diameters of the tablets 
compressed from mixtures with an air fraction of 0.15. This figure only depicts the 
median pore diameter of the tablets of which the sodium chloride matrix completely 
determines the tablet strength. An increase in median pore diameter upon decreasing 
sodium chloride volume fractions is found for the different sodium chloride particle 
sizes. The value of the median pore diameter depends on the particle size of sodium 
chloride. A larger sodium chloride particle size results in higher median pore 
diameters in both the pure sodium chloride tablets and the tablets compressed from 
blends. Moreover, the increase in median pore diameter is also higher when sodium 
chloride particles in the tablets are larger. The starch particles influence the increase of 
Effect of particle size on matrix strength  Chapter 5 
77 


























Fig. 5.4a. Median pore diameter measured by mercury intrusion porosimetry as a function of 
the sodium chloride volume fractions in tablets compressed from binary mixtures of 
pregelatinised starch (106-212 µm) and sodium chloride with particle sizes between () 0-38 
µm, () 53-106 µm and () 106-212 µm, respectively. The arrows point to the percolation 
thresholds of pregelatinised starch. 
 
In Fig. 5.4b, the median pore diameter of the different tablets is plotted against 
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Fig. 5.4b. Tensile strength of tablets compressed from (ο) pure sodium chloride with a sodium 
chloride volume fraction of 0.85 and of the mixture tablets (symbols as in Fig. 5.4a.) as a 
function of the median pore diameter. 
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Fig. 5.4b shows that the median pore size is an important parameter to describe the 
tensile strength of pure sodium chloride tablets with equal porosities of 0.15. Other 
authors (11, 12) also stated that the median pore size is important for the 
characterisation of the compact strength. In analogy with Ch. 4, there exists a 
relationship between the median pore diameter and the tensile strengths of tablets 
compressed from blends (Fig. 5.4b). The median pore diameter appears to be the 
controlling parameter of the tensile strength of the tablets compressed from mixtures, 
irrespective of the different sodium chloride fractions and sodium chloride mean 
particle sizes. Therefore, it can be concluded that the reduction in tensile strength by 
the addition of starch is mainly the result of an increase in median pore diameter (Fig. 
5.4a). However, the tablets consisting of blends have lower tablet strengths than the 
pure sodium chloride tablets at corresponding median pore diameters (Fig. 5.4b). The 
initial presence of starch during compaction affects the influence of the median pore 
diameter on the sodium chloride matrix strength. This indicates that there must be 
another factor besides the median pore diameter that determines the tablet strength. 
 
5.3.3  Pore shape in relation to median pore size 
 
The theory of fracture mechanics implies that not only the size of pores, but also the 
pore shape is important for the tensile strength of a porous compact. In Ch. 4, the pore 














where l is the total pore length, d the diameter of the pore, σmax the maximum material 
strength and σmeasured the measured tensile strength. The curvature ρ at the tip of the 
pore is given by d2/l. 
To calculate the pore shape in the different sodium chloride matrices, it is 
necessary to obtain an accurate value of σmax. The correct maximum strength is the 
tensile strength of a sodium chloride crystal with the dimensions of a tablet without 
any fault, cracks or pores. The tensile strength at zero porosity is considered to be a 
good approximation of the maximum tensile strength. The extrapolation of the three 
relationships (0-38 µm, 53-106 µm and 106-212 µm sodium chloride) given in Fig. 
5.1a by the Ryskewitch-Duckworth equation results into tensile strengths at zero air 
fraction of 14.9 MPa, 13.4 MPa and 11.4 MPa, respectively. Where the tensile 
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strength at zero air fraction increases with decreasing particle size, the tablet strength 
at zero air fraction will increasingly be affected by the particle bonding than by the 
pore size. Therefore the best value of σmax that can be obtained by compaction has 
been calculated by linear extrapolation to infinitely small sodium chloride particles 
(σmax = 15.2 MPa, r2 = 0.999). This single value is used as σmax in further calculations 












Fig. 5.5. Pore shape defined as the l/d-ratio in mixture tablets compressed from blends of 
pregelatinised starch (106-212 µm) and sodium chloride with particle size fractions of () 0-38 
µm, () 53-106 µm and () 106-212 µm, respectively. 
 
The pore shapes in the sodium chloride tablets and the mixture tablets of which 
the sodium chloride matrix controls the tablet strength are calculated by eq. 1 and 
given in Fig. 5.5. The l/d-ratios of the pore shapes in the pure sodium chloride tablets 
(sodium chloride volume fraction of 0.85) have low values. Generally, the addition of 
starch to the sodium chloride matrix increases the l/d-ratio, indicating that the pores 
are relatively longer and/or have sharper tips. The effect of the starch addition on pore 
shape is relatively small for the tablets containing the 0-38 µm sodium chloride 
particles. Similarly as has been described for the relationship between median pore 
size and sodium chloride volume fractions, it seems that the influence of the starch 
particles on the pore formation in the matrix structure depends on the sodium chloride 
particle size. The compaction of starch particles in combination with fine sodium 
chloride particles leads to a relatively less anisomorphous pore shapes (l/d-ratios are 
approximately 1) in contrast to the high l/d-ratio’s found when larger sodium chloride 
particles are used. This difference in pore shape is likely to be caused by local 
phenomena in the tablet structure occurring during tablet relaxation. 
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The calculated pore shapes and median pore diameters of the sodium chloride 
matrices are combined in Fig. 5.6. The tablets compressed from blends have a slightly 
higher l/d-ratio at low to medium median pore diameters compared to those of the 
pure sodium chloride tablets. At larger median pore diameters, this difference in pore 
shape is larger, i.e. the larger pores have flatter shapes and sharper tips. This in turn 
explains the lower median pore diameter-tensile strength relation of tablets 
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Fig. 5.6. Pore shape in tablets compressed from (ο) pure sodium chloride with a sodium 
chloride volume fraction of 0.85 and in the mixture tablets (symbols as in Fig. 5.5.) as a 
function of the median pore diameter. 
 
In conclusion, the sodium chloride matrix strength and the effect of a minor 
component on the matrix strength can be characterised by a combination of changes in 
median pore size and in pore shape, where shape seems to be a more sensitive 
parameter than pore size. Starch as a minor component increases the median pore 
diameter in the sodium chloride matrix and consequently decreases the tablet strength. 
Furthermore, anisomorphous pore shapes lead to a severe reduction in strength. 
However, reduction of the particle size of the main component results in more 
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